A series of experiments is presented which demonstrate significant drag reduction for the laminar flow of water through microchannels using hydrophobic surfaces with well-defined micron-sized surface roughness. These ultrahydrophobic surfaces are fabricated from silicon wafers using photolithography and are designed to incorporate precise patterns of microposts and microridges which are made hydrophobic through a chemical reaction with an organosilane. An experimental flow cell is used to measure the pressure drop as a function of the flow rate for a series of microchannel geometries and ultrahydrophobic surface designs. Pressure drop reductions up to 40% and apparent slip lengths larger than 20 m are obtained using ultrahydrophobic surfaces. No drag reduction is observed for smooth hydrophobic surfaces. A confocal surface metrology system was used to measure the deflection of an air-water interface that is formed between microposts and supported by surface tension. This shear-free interface reduces the flow resistance by allowing the fluid to contact only a very small effective area of the silicon surface. The impact of the surface topology on the drag reduction is explored in detail and the results are found to be in good qualitative agreement with the predictions of analytical theory.
I. INTRODUCTION
Friction in fluids is manifest by the phenomena of drag-the force required to move an object through a fluid or a fluid through a device. In devices where the fluid flow is laminar and not turbulent, there are currently few demonstrated methods for significantly reducing drag. The development of such a technology could have an enormous economic impact as mechanical technology is miniaturized, microfluidic devices become more widely used, and biomedical analysis moves aggressively towards lab on a chip technologies. In this paper, through a carefully designed set of experiments, we will demonstrate the existence of laminar drag reduction in microchannels having walls fabricated from hydrophobic surfaces with well defined micron-sized roughness.
Water droplets bead on a hydrophobic surface because the chemical composition of the surface tends to repel water molecules resulting in large interfacial tensions. 1 The standard measure of hydrophobicity is the angle that a droplet free-surface makes with the solid that it is resting on. Clean glass is highly hydrophilic and has an equilibrium contact angle with water close to = 0°. 1 Dimethyldichlorosilane, which is relatively easy to deposit on a surface, has a contact angle with water close to = 100°. 2 On these and other smooth silanized surfaces, water droplets are typically slightly rounder than hemispherical. Originally inspired by the unique water repellent properties of the lotus leaf, 3 ultrahydrophobic surfaces have recently been developed which are capable of obtaining contact angles with water as high as = 177°. 2,4-7 These extremely large contact angles result in water droplets that are nearly spherical. In addition, these surfaces have been found to exhibit little or no dynamic contact angle hysteresis between the advancing and receding contact angle. 2, [4] [5] [6] [7] The difference between a hydrophobic surface and an ultrahydrophobic surface lies not in the surface chemistry, but in the microscale surface roughness. Ultrahydrophobic surfaces are actually very rough with large, micron-sized protrusions coming out of the surface.
It is possible to create ultrahydrophobic surfaces with both regular and irregular patterns of roughness. A scanning electron micrograph of an ultrahydrophobic plasma etched polypropylene surface and an optical micrograph of an ultrahydrophobic lithographically etched silicon surface are shown in Fig. 1 . The equilibrium contact angles for each of these surfaces were found to be greater than Ͼ 160°. Öner and McCarthy 4 performed a detailed experimental study of the effect of surface roughness on ultrahydrophobic behavior using lithographically etched silicon surfaces chemically modified by a series of organosilanes. The silicon surfaces were patterned with regular arrays of microposts and the receding, and advancing contact angles were measured as the cross sectional geometry, height, and spacing of the microposts were systematically varied. The results of Öner and McCarthy 4 show that for microposts between 10 m to 40 m across, the contact angle is nearly independent of cross sectional geometry, post height (only heights greater than 20 m were tested), and the surface chemistry. However, Öner and McCarthy 4 found that a significant deterioration of the ultrahydrophobic properties of the surface occur as the spacing between microposts is increased beyond about 64 m.
Chen et al. 2 demonstrated that the topological nature of the rough surface and the resulting lack of continuity in the three phase contact line is critically important for determine the degree of hydrophobicity of a surface. The hydrophobicity of the microscale surface roughness prevents the water from moving into the pores between the peaks of the microposts. Instead of wetting the surface, the water stands off, touching only as many microposts as necessary to support the free surface in between. 3 The resulting contorted, discontinuous contact line becomes destabilized, jumping from one micropost to the next, nearly eliminating contact angle hysteresis. A schematic diagram of this physical model is shown in Fig. 2 . Using Young's law and assuming an average spacing between posts of w, one can show that a pressure difference of
can be supported by the air-water interface. 8 The angle dynamically adjusts to balance the pressure within the water until the contact angle between the water and the ultrahydrophobic surface is reached. Beyond this pressure, the water will advance into the gap, compressing or displacing the air trapped between the microscale protrusions and affecting the ultrahydrophobic nature of the surface. Evidence of such a loss of the air-water interface can be seen in the experiments of Öner and McCarthy 4 as the spacing between microposts was systematically increased. The lack of contact angle hysteresis makes the drop unstable to even the smallest perturbation and allows it to move very easily across these surfaces. 2, 5 This can be seen explicitly if one calculates the critical line force per unit length of the perimeter required to start a drop moving over a solid surface 9
where A is the advancing contact angle, R is the receding contact angle, and ␥ LV is the surface tension of the water. Kim and Kim 10 experimentally studied the flow resistance of water drops sliding down inclined surfaces in both open and confined channels geometries. The channels were fabricated out of ultrahydrophobic silicon surfaces with both micropost and nanopost patterns. Measurements of the minimum inclination angle required to initiate flow demonstrated drag reductions of 60% for the micropost patterns and 99% for the nanopost patterns. 10 The observed drag reductions were found to correlate directly to the contact angle hysteresis of the surfaces as demonstrated by Eq.
(2). The question to be addressed by our research is whether ultrahydrophobic surfaces can similarly reduce drag in laminar flow through a microchannel in the absence of a contact line. The no-slip condition is almost universally accepted as the proper boundary condition to impose on a solid-liquid interface. In actuality, no-slip is an accurate approximation only at macroscopic length scales. For reasons that can be largely explained by molecular chemistry, fluids actually do slip at a wall. However, the slip effect is on the order of molecular sizes and is only important in devices that operate at extremely small length scales. The concept of a slip boundary condition was first proposed by Navier 11 and is shown schematically in Fig. 3 . In Navier's model, the slip velocity u z,0 is proportional to the shear rate experienced by the fluid at the wall
where b is the slip length. For a finite value of b, a slip velocity exists at the wall. For flows of entangled polymer solutions and melts, large slip lengths of b Ͼ 100 m have been reported. 12, 13 However, for the flow of simple fluids such as pure water past hydrophobic smooth surfaces, much smaller slip lengths have been observed. [14] [15] [16] [17] [18] [19] [20] [21] Zhu and Granick 21 used a surface forces apparatus whose mica crystal surfaces were modified with methyl-terminated selfassembled organic monolayers making them hydrophobic to measure slip lengths using both water and tetradecane. A periodic squeezing flow with nanometer size oscillations was used to measure the hydrodynamic forces and calculate the resulting slip length as a function of oscillation frequency and amplitude, surface roughness, and contact angle for a series of different fluids. 21, 22 In their experiments, slip lengths of between 0 nmϽ b Ͻ 40 nm with the maximum slip lengths corresponding to the surfaces with the smallest RMS roughness. This apparent slip is thought to be the result of dissolved gas bubble or films coming out of solution near the interface thereby reducing the fluid viscosity in close proximity to the wall and giving the appearance of a failure of the no-slip condition. 21, 23 In laminar flows, the effect of slip only becomes important in macroscopic flows when the slip length is comparable to the length scale of the flow geometry. Using the Navier slip boundary condition, the volume flow rate per unit length q of fluid between the two infinite parallel plates separated by a height H can be expressed as a function of the viscosity , the pressure gradient dp / dx, and the slip length
͑4͒
A 20% decrease in the drag requires a slip length of b = h / 15. Thus, for a simple fluid flowing over a smooth hydrophobic surface, where b Ͻ 40 nm, a significant drag reduction should only be observed for flow geometries smaller than h Ͻ 600 nm. The results of prior studies 14 and our current experiments using ultrahydrophobic surfaces in microchannels have demonstrated that ultrahydrophobic surfaces can achieve a significant drag reduction at considerably larger length scales. This suggests that an entirely different slip mechanism is present at these surfaces which our experiments confirm relies on both hydrophobicity and surface roughness. We will demonstrate that laminar drag reduction is achieved through the reduced effective surface area of the solid in contact with the flowing fluid. The boundary condition for the fluid in contact with the micropost remains noslip, however, the air-water interfaces supported between microposts is shear free and cannot resist the flow. By decreasing the size of the microposts and/or increasing the separation between them we will quantitatively demonstrate that it is possible to reduce flow resistance and generate significant laminar drag reduction in agreement with this model. Watanabe et al. 14 investigated the flow of water through 6 mm and 12 mm diameter circular pipes having highly water repellent walls. The walls of the pipes were coated with a fluorine alkane modified acrylic resin resulting in a porous hydrophobic surface crisscrossed by 10 m to 20 m wide microcracks. Pressure drop and velocity profile measurements demonstrated drag reduction up to 14% and slip lengths up to 450 m for flows with Reynolds numbers between 500Ͻ ReϽ 10 000. 14, 24 Here the Reynolds number is defined as Re= UD H / , where is the density of the fluid, U = Q / A is the average velocity, Q is the volume flow rate, A is the cross sectional area of the channel, D H =4A / P is the hydraulic diameter, and P is the perimeter of the channel. Watanabe et al. 14 hypothesized that one possible explanation for the drag reduction observed in their pipes was the formation of a free surface above the air-filled microcracks. In the experiments presented in this paper we will present definitive proof of the presence of a shear-free air-water interface through direct measurements of the surface deflection. In addition, using lithographically etched silanized silicon surfaces the microsurface topology can be precisely controlled allowing us to systematically investigate the affect of topological changes on drag reduction and to compare our experimental measurements directly to both the analytical solutions of Philip, 25, 26 Lauga and Stone, 27 and numerical simulations. The results presented in this paper will strongly support the theory that ultrahydrophobic drag reduction is due to reduced effective contact area between the fluid and the surface.
The outline of this paper is as follows. In Sec. II, we describe the experimental setup and the fabrication of the ultrahydrophobic surfaces. In Sec. III, we present our experimental results demonstrating significant laminar drag reduction. Finally, in Sec. IV we conclude.
II. EXPERIMENT

A. General procedures
The experimental flow cell shown in Fig. 4 was designed and fabricated to measure the pressure drop resulting from the laminar flow of water through a rectangular microchannel. A series of rectangular cross section microchannels with a thickness between 76 m Ͻ H Ͻ 254 m were precisely machined from plastic. As the thickness of the microchannels was changed, the aspect ratio of each microchannel was held fixed at ␣ = W / H = 20 and the overall length of the microchannel was L = 50 mm. A smooth hydrophilic piece of glass was used as the upper wall of the microchannel to allow for optical access to the flow. The glass plate was glued on an aluminum frame and mounted inside an aluminum superstructure. The plastic microchannels were precisely positioned and tightly clamped between the slide glass and the lower wall of the microchannel to make a well sealed flow cell. The lower wall of the microchannel was designed to be easily interchangeable making it possible to perform drag reduction measurements on a host of different surfaces including a series of ultrahydrophobic silicon wafers with a prescribed surface roughness pattern and smooth hydrophobic silicon wafers.
An inlet and outlet were machined into the glass cover slip. A syringe pump (Model 100, KD Scientific Inc.) was used to drive the fluid through the microchannel with flow rates between 0.03 mm 3 / s and 115 mm 3 / s. The pressure drop was measured using a manometer with a resolution of Phys. Fluids, Vol. 16, No. 12, December 2004 Laminar drag reduction in microchannels 4637 0.25 mm or 2.5 Pa. This resolution was more than adequate for the desired pressure drop measurement. The opening for the manometer was positioned far enough downstream of the inlet for the flow to be fully developed and to avoid entrance effects. 8 For all of the experimental measurements reported in the following sections, the Reynolds number based on the hydraulic diameter was less than ReϽ 1000 and thus the flows were all laminar. 8
B. Preparation of ultrahydrophobic silicon surfaces
Photolithography and wet etching have been used in semiconductor industry for years for patterning silicon, glass, or gallium arsenide surfaces. 28, 29 In recent years, these techniques have been modified and adapted for fabrication of microfluidic devices. 30, 31 In order to fabricate the ultrahydrophobic surfaces, standard photolithographic techniques were used to precisely and reproducibly control the size, height, spacing, and geometry of the micron scale roughness designed onto silicon wafers. A schematic diagram outlining the fabrication procedure of ultrahydrophobic surfaces is shown in Fig. 5 .
First, AutoCAD TM was used to design the size, spacing, and alignment of the desired micropatterned surface. The computer-aided design drawing was then printed on a high resolution transparency at 5080 dpi. At this resolution, features between 20-30 m were easily produced. The transparency served as a mask for contact photolithography using a positive photoresist on a silicon wafer. 30 A silicon dioxide layer with a thickness of 0.3 m was grown on the surface of silicon wafer (100 Orientation, International Wafer Service Inc., CA). A uniform layer of positive photoresist (S1813 MICROPOSIT TM Photoresist, Shipley Co.) was then coated on both sides of the silicon wafer using a spin coater (Headway Research Inc.). The mask was aligned with the wafer's crystal structure direction and a high-strength ultraviolet light source was used to expose the photoresist (model 100UV30S1, Karlsus Inc.). The unexposed photoresist was dissolved in a solution of Microposit 351 developer (J. T. Baker Co.) with water in a 1 : 4 ratio.
The area of silicon dioxide surface not protected by the photoresist was etched with a buffered oxide etch solution (BOE) (J. T. Baker Co.) of 10% hydrofluoric acid in water. According to the isotropic property of the silicon dioxide, the etching is nondirectional. The resulting pattern in the silicon dioxide after the BOE can therefore be slightly different from the original mask. The remaining silicon dioxide protects the underlying silicon from the silicon etchant (PSE-300, Transene Co. Inc. MA). The etchant was heated to its boiling temperature, 115°C, for the duration of the etching process. A custom-built glass container was designed to condense and recollect the vapor of the boiling etchant. On the bottom of the container, nitrogen was fed into the etchant to produce a constant current in the container, transporting the oxide away from the wafer surface, while ensuring a uniform etchant concentration near the wafer and therefore a uniform feature depth across the wafer. The amount of material removed was controlled through modification of the etching time. The depth of the microstructure was measured using a surface profilometer and the desired pattern confirmed using both optical and electron microscopy.
Once the desired roughness was imparted on the silicon wafer, it was reacted with a silanizing agent to make it ultrahydrophobic. Öner and McCarthy 4 found that the contact angle of water could be maximized and the contact angle hysteresis minimized by reacting the silicon surfaces with heptadecafluoro-1,1,2,2-tetrahydrodecyldimethylchlorosilane (Gelest Inc.) in the vapor-phase ͑65-70°C͒. 4 After completion of the reaction, the ultrahydrophobic surfaces were found to have equilibrium contact angle with water of between 130°Ͻ eq Ͻ 174°and demonstrated little contact angle hysteresis. As a specific example, the surface shown in Fig. 6(c) , which contains a regular array of d =30 m square microposts with a spacing between microposts of w =15 m was found to have advancing/receding contact angles of a / r = 162°/ 137°. For comparison, the advancing/ receding contact angles of the smooth silanized silicon surface seen in Fig. 6(b) was measured and found to be a / r = 118°/ 100°.
III. RESULTS AND DISCUSSION
A series of experiments were performed to demonstrate laminar drag reduction using ultrahydrophobic surface over a wide range of flow rates. The effects of channel height, micropost and microridge spacing size, and height were systematically investigated to optimize the observed drag reduction. In Fig. 6 , the experimental measurement of pressure drop through a rectangular microchannel having dimensions of width of W = 2.54 mm, thickness H = 127 m, and length L = 50 mm are shown for a series of hydrophobic and ultrahydrophobic surfaces. The experimental pressure drop measurements across the smooth silanized silicon surface are found to agree well with the theoretical predictions over a wide range of flow rates. For a rectangular channel with aspect ratio of ␣ = 20, and no-slip boundary conditions, the pressure drop can be calculated from the friction factor 32
The friction factor for flow between two infinite plates is f = 96/ Re. 32 The agreement between the smooth hydrophobic surface and the theory demonstrate that the no-slip boundary condition holds and thus confirms both the quality of our microchannel flow cell design and the accuracy of the pressure drop measurement. These measurements also demonstrate the limitations of this technique for measuring slip lengths. Starting from Eqs. (4) and (5), the slip length can be approximated directly from measurements of pressure drop and volume flow rate
The minimum corresponding slip length that can be measured in our system is thus a function of the geometry, the flow rate, and the precision of the pressure drop measurements. For the experiments shown in Fig. 6 , the minimum measurable slip length is approximately b min Ϸ 1 m.
The ultrahydrophobic surfaces used in the experiments presented in Fig. 6 consisted of 30 m square microposts in a regular array. The spacing between the microposts was systematically increased from w =15 m to 30 m to 60 m and finally to 150 m to investigate role of micropost spacing and the shear-free air-water interface on drag reduction. In each case, the pressure drop was found to increase linearly with flow rate. For all of the ultrahydrophobic surfaces tested, the pressure drop was found to be significantly smaller than the smooth silanized silicon surface and the prediction of theory where the no-slip boundary condition is applied to both of the channel surfaces. The magnitude of the reduction in the pressure drop was found to increase monotonically with increasing spacing between microposts.
To highlight the magnitude of the pressure drop reduction observed in Fig. 6 , the data are recast in term of a dimensionless pressure drop reduction
where ⌬p is the experimentally measured pressure drop and ⌬p no-slip is the theoretical pressure drop prediction for flow over a no-slip surface at the same flow rate. In Fig. 7 , the dimensionless pressure drop reduction is plotted as a function of flow rate for all the surfaces shown in Fig. 6 . As a direct result of the linear growth of the pressure drop observed in Fig. 6 , the pressure drop reduction calculated from Eq. (7) was found to be constant over all of the experimentally imposed flow rates for each ultrahydrophobic surface tested. Therefore, in future figures, a pressure drop reduction averaged over a wide range of flow rates will be presented, allowing for the direct comparison between ultrahydrophobic surfaces with different micropost sizes and spacing, and channel geometries. If a shear-free air-water interface exists and is supported between the hydrophobic microposts, then the increase in Phys. Fluids, Vol. 16, No. 12, December 2004 Laminar drag reduction in microchannels 4639 pressure drop reduction is a direct result of the increased shear-free air-water interface surface area or alternatively a reduction in the no-slip surface area formed by the top of the microposts. For each of the ultrahydrophobic surfaces presented in Figs. 6 and 7 , an average pressure drop reduction was calculated over all the experimental flow rates and plotted in Fig. 8 as a function of the shear-free area ratio defined as
Here, A total is the total area of the ultrahydrophobic surface and A no-slip is the area of the top of the microposts where the no-slip boundary condition holds. In the limit that H ӷ h, the shear-free area ratio reduces to ␤ =1−H 2 / h 2 and one would expect the pressure drop reduction to increase as ⌸ϰH 2 . This scaling is indeed reflected in the data. The data in Fig. 8 show a linear dependence of the pressure drop reduction on the shear-free area ratio at moderate values of the shear-free area ratio and appears to plateau to a value of ⌸ = 0.37 as ␤ → 1. Also shown in Fig. 8 are the slip lengths calculated from Eq. (6). The slip lengths were observed to increase with increasing micropost spacing and slip lengths as large b =21 m were calculated for the d =30 m square microposts spaced w = 150 m apart.
To confirm the hypothesis of the existence of a shearfree air-water interface supported between the hydrophobic microposts, a confocal surface metrology system (model LT-8010, Keyence Corp.) was used to obtain the profile of the interface. The system combines the principles of confocal microscopy 33 with a dynamic focus-detection technique. 34 Like conventional confocal microscopy, a laser beam is passes through a semi-silvered mirror and is focused on a target surface using high numerical aperture optics. The reflections from that surface are then passed through a pinhole and collected on a photodetector. In a confocal surface metrology system, an active tuning fork is used to rapidly oscillate the objective lens up and down. By determining the location of the objective lens when the reflection off of a surface is in focus, the height and profile of a reflective surface can be measured. This confocal surface metrology system has the ability to measure the position of several surfaces simultaneously making differential height measurements possible. According to the manufacturer, the confocal surface metrology system has a 7 m diameter laser spot and a vertical resolution of 0.1 m, however, our calibration tests have shown that the resolution of the system is closer to 0.5 m.
The profile of the air-water interface was acquired by determining the difference in the heights measured from the reflection from the water-glass interface at the top of the channel and the air-water interface between the microposts. The measurements were taken at the midpoint of the microchannel ͑z =25 mm͒ and an automated XY stage (model ZETA4, Compumotor) was used to step the laser between the center of adjacent microposts in the flow direction. The resulting measurements of the free-surface curvature for a se- ries of increasing flow rate (and thus pressure drops) are shown in Fig. 9 for an ultrahydrophobic surface with a regular array of d =30 m square microposts set w =30 m apart. Because the magnitude of the free-surface deflection measurements is close to the vertical resolution of the system, the data contain some noise, however, these measurements clearly demonstrate the existence of an air-water interface between the microposts. Even in the presence of flow, the curvature of the free surface remains roughly symmetric and the maximum deflection is found to increase nearly linearly with the applied pressure.
Because the measurements were taken between the midpoints of adjacent microposts, the deflection in the free surface ␦͑z͒ can be approximated by the deflection of an elastic beam under a uniformly distributed load 35 ␦͑x͒ = ␣͑z 4 − 2wz 3 + w 3 z͒.
͑9͒
The coefficient of proportionality ␣ is among other things a linear function of the local pressure. A best fit of Eq. (9) to each of the data sets is presented in Fig. 9 and demonstrates a good quantitative fit to the data.
The effect of channel height on laminar drag reduction and slip length was also investigated. The pressure drop was measured as a function of volume flow rate for a series of different channel heights varying from H = 76.2 m to 254 m. In all cases, the aspect ratio was held fixed at ␣ = 20 to minimize possible discrepancies in the data which might arise from end effects in the channel. An average pressure drop reduction over a range of flow rates was calculated for an ultrahydrophobic surface having a regular array of d =30 m square microposts with w =30 m spacing and plotted in Fig. 10 as a function of channel height. Pressure drop reductions as large as ⌸ = 0.35 were observed and the pressure drop reduction was found to decrease linearly with increasing channel height. These observations were consistent for all the ultrahydrophobic surfaces tested and agree well with the analytical results of both Lauga and Stone 27 and Philip. 25, 26 Philip 25, 26 derived an analytical solution to Stokes flow in an infinite channel where, as shown in Fig. 11 , one wall is no-slip while the other wall contains a shear-free band of width w running parallel to the flow direction. Philip 25, 26 demonstrated that the velocity profile in the flow can be expressed as the following:
͑10͒
The velocity profile resulting from Eq. (9) is plotted in Fig.  12 for a microchannel with a height of H = 127 m, a shearfree band of width w =30 m, and a pressure gradient of −dp / dz = 25 kPa/ m. As seen in Fig. 12 , the increase in the fluid velocity in the vicinity of the shear-free band is significant, but its influence on the flow decays quickly with increasing distance from the wall. To compare the Philip model directly to our experimental measurements, a series of ultrahydrophobic surfaces were fabricated with microridge patterns like those shown in Fig. 13 . The widths of the microridges were varied from d =20 to 30 m and the spacing between ridges was varied from w =20 to 80 m. The experimental measurements of pressure drop reduction are plotted in Fig. 14 
͑11͒
In Fig. 14, the predictions of the Philip model are superimposed over the experimental data. The model qualitatively captures the trend in the data, but systematically underpredicts the magnitude of the pressure drop reduction. The errors originate from the comparison of Philip's analytical solution to the flow over a single shear-free band in an infinite no-slip surface to the flow over a periodic array of shear-free bands. In the limit that w ӷ d, Eq. (10) should be a good approximation. For all other cases, Eq. (10) will systemati-cally underpredict the velocity of the flow directly above the microridges and thus the pressure drop reduction as seen in Fig. 14. In Fig. 15 , the microchannel dimensions were held fixed at W = 2.54 mm, H = 127 m, and L = 50 mm and the spacing between the d =20 m wide microridges was varied from w =20 m to 40 m to 80 m. The resulting pressure drop reduction is plotted as a function of dimensionless microridge spacing, ␤ = d / ͑d + w͒, in Fig. 15 . The dimensionless microridge spacing is equivalent to the shear-free area ratio. The pressure drop reduction was found to increase monotonically with increasing microridge spacing. Pressure drop reductions larger than ⌸Ͼ40% corresponding to a slip length of over b Ͼ 24 m were observed as the shear-free area ratio approached unity. Again, the trends in the data are well matched by the predictions of analytical solution of Philip, 25, 26 however, the magnitude of the experimentally obtained pressure drop reduction is underpredicted as it was in Fig. 14. If we now compare the drag reduction characteristics of ultrahydrophobic surfaces with microridges to those with microposts, we find that for the same microchannel geometries and shear-free area ratios, microridges aligned in the flow direction consistently out perform regular arrays of square microposts. Thus, the precise pattern of surface roughness plays a significant role in optimization of the laminar drag reduction achieved through the use of ultrahydrophobic surfaces.
IV. CONCLUSIONS
In this paper, we have shown through a carefully designed set of experiments that laminar drag reduction in microchannels is possible when the walls of the microchannel are fabricated from hydrophobic surfaces with well-defined micron-sized roughness. The combination of microscale roughness and hydrophobicity result in a shear-free air-water interface supported by the surface tension of the water thereby trapping air between the microposts. The existence and deflection of this air-water interface under flow conditions was obtained using a confocal surface metrology system. The presence of the air-water interface and the resulting shear-free boundary condition results in pressure drop reductions of over 40% and apparent slip lengths exceeding 20 m. The effectiveness of these surfaces was found to increase with increasing roughness spacing and decreasing channel height. Two different roughness patterns were tested, microposts and microridges. The resulting pressure drop reductions and slip lengths obtained with the ultrahydrophobic surface with microridges were compared directly to the analytical Stokes flow solution of Philip. 10 The agreement between the experiments and the analytical solution were qualitatively quite good.
